Carbapenem-resistant Klebsiella pneumoniae (CRKP) is one of the most extensively antibiotic-resistant pathogens encountered in the clinical setting today. A few studies to-date suggest that CRKP and carbapenem-susceptible K. pneumoniae (CSKP) differ from one another not only with respect to their underlying genetics, but also their transcriptomic and metabolomic fingerprints. Within this context, we characterize the fatty acid methyl ester (FAME) profiles of these pathogens in vitro. Specifically, we evaluated the FAME profiles of six Klebsiella pneumoniae carbapenemase (KPC)-producing isolates belonging to the CC258 lineage (KPC + /258 + ), six KPC-producing isolates belonging to non-CC258 lineages (KPC + /258 − ), and six non-KPC-producing isolates belonging to non-CC258 lineages (KPC − /258 − ). We utilized a single-step sample preparation method to simultaneously lyse bacterial cells and transesterify the lipid fraction, and identified 14 unique FAMEs using gas chromatography-mass spectrometry. The machine learning algorithm Random Forest identified four FAMEs that were highly discriminatory between CC258 and non-CC258 isolates (9(Z)-octadecenoate, 2-phenylacetate, pentadecanoate, and hexadecanoate), of which three were also significantly different in relative abundance between these two groups. These findings suggest that distinct differences exist between CC258 and non-CC258 K. pneumoniae isolates with respect to the metabolism of both fatty acids and amino acids, a hypothesis that is supported by previously-acquired transcriptomic data. developed resistance via alternative mechanisms [4] . Klebsiella pneumoniae carbapenemase (KPC) is the most commonly-encountered carbapenemase throughout much of the Americas, Mediterranean Europe, and parts of the Middle East [5] , and most KPC-producing isolates derive from relatively few clonal lineages, of which clonal complex 258 (CC258) is dominant [6] . The mechanisms underlying CC258 s dominance as a carbapenemase-producing lineage remain elusive, although it has been hypothesized that both chromosomal and plasmid-encoded factors may contribute [7] [8] [9] .
Introduction
Carbapenem-resistant Klebsiella pneumoniae (CRKP) is one of the most extensively antibiotic-resistant pathogens encountered in the clinical setting today, with some isolates exhibiting resistance to all available antibiotic compounds, for example [1] [2] [3] . Infections involving CRKP isolates that produce carbapenemases (i.e., enzymes that hydrolyze carbapenem antibiotics) result in significantly increased morbidity and mortality relative to infections caused by isolates that have
Bacterial Strains, Culture Conditions, and Sample Preparation
Eighteen clinical isolates of K. pneumoniae were preserved at −80 • C in a 20% glycerol solution. A small aliquot of bacterial cells was extracted from this frozen stock and spread over the surface of a solid growth media comprised of Trypticase TM Soy Broth (Becton Dickinson, Franklin Lakes, NJ, USA) and agar powder (1.5% final agar concentration, Alfa Aesar, Haverhill, MA, USA). Due to the rapid doubling time of K. pneumoniae, cultures were incubated at room temperature overnight to prevent overgrowth. Of the 18 isolates evaluated, six were KPC-positive and belonged to CC258 (KPC + /258 + ), six were KPC-positive and belonged to lineages other than CC258 (KPC + /258 − ), and six were KPC-negative and belonged to lineages other than CC258 (KPC − /258 − ). KPC-negative isolates belonging to CC258 (KPC − /258 + ) were not evaluated, due to their scarcity in the clinical setting.
STs were identified via multilocus sequence typing (MLST), as described previously by Diancourt and colleagues [15] . KPC production was verified both genotypically via the amplification of the bla KPC gene [16] , and phenotypically via the ETEST ® assay using either meropenem or ertapenem (BioMérieux, Marcy-l'Étoile, France) [11] . Additional information about the strains evaluated in this study is presented in Table 1 . These isolates have also been described previously [11] . Table 1 . Klebsiella pneumoniae clinical isolates evaluated in the present study.
Approximately 15 mg of bacterial cells were harvested from the surface of the agar plates and transferred to 1.5 mL Eppendorf tubes. Cells were suspended in 10 µL of distilled water, and then 30 µL of methanolic trimethylsulfonium hydroxide solution (0.25 M) was added to simultaneously lyse cells and transesterify the lipid fraction, according to the procedure reported by Müller and colleagues [13] . The reaction mixture was dried under a nitrogen stream, dissolved in 200 µL of a tert-butyl-methyl ether/methanol (MeOH) mixture (10:1 v/v), and directly injected into the GC-MS system. Three biological replicates were prepared per strain, for a total of 54 samples.
Analytical Instrumentation
All GC-MS applications were carried out on a Shimadzu GC2010 instrument and a TQ8050 triple quadrupole mass spectrometer (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA) equipped with an AOC-6000 autosampler. Only the single quadrupole acquisition mode was exploited on the TQ8050 MS. Data were acquired by using the GCMS solution software ver. 4.45 (Shimadzu). The column employed was an SLB-5ms [(silphenylene polymer, practically equivalent in polarity to poly (5% diphenyl/95% methylsiloxane)], with the following dimensions: 30 m × 0.25 mm ID × 0.25 µm d f (Supelco, Bellefonte, USA). The GC temperature program was, as follows: 50 • C hold for one minute, then +5 • C/min ramp from 50 • C to 300 • C, and +20 • C/min ramp from 300 • C to 350 • C. Helium head pressure (constant linear velocity mode 35 cm/s) was 48 kPa. Injection temperature, mode, and volume were 280 • C, split ratio 1:50, and 1 µL, respectively. The MS system was run in full scan conditions: Scan speed 2000 amu/s; mass range 45-400 m/z. Interface and ion source temperatures: 200 and 250 • C.
Data Elaboration and Statistical Analysis
Chromatographic data were processed using GCMSsolution (Shimadzu) and then manually aligned across the 54 samples, using a maximum retention time shift of 3 s. A signal-to-noise (S/N) cutoff of 10:1 was used. Unless specified (see Table 2 ), the resulting peaks were putatively identified based on the combination of a dual filter, namely: (1) The MS similarity with the NIST17 library (≥80%) and, 2) the experimental linear retention index (LRI) within a ±5 range compared to the NIST database and the literature (mainly from [17] [18] [19] ). Contaminants and artifacts (e.g., siloxane, phthalates) were removed, and only compounds with mass spectral fragmentation typical for methylated carboxylic acids were retained. The data matrix obtained was first normalized according to the exact weight of each bacterial sample and then the relative abundance of compounds across chromatograms was further normalized using Probabilistic Quotient Normalization (PQN) [20] . The data were log 10 -transformed, and the arithmetic mean was calculated for each compound within each set of biological replicates (n = 3 per isolate), resulting in a 14 × 18 data matrix (number of compounds × number of strains).
All statistical analyses were performed using R v3.3.2 (R Foundation for Statistical Computing, Vienna, Austria). The Random Forest (RF) algorithm was used to identify the most highly discriminatory features [14] . Five-fold cross-validation was performed, and this was repeated 10 times for each comparison. Mean decrease in accuracy (MDA) was used as the measure of variable importance. Hierarchical clustering analysis (HCA) was used to visualize the relationships between strains, using the Euclidean distance as the distance metric. A Kruskal-Wallis (KW) test [21] , with post-hoc Dunn's test [22] and Benjamini-Hochberg (BH) correction [23] was used to identify metabolites that were significantly different between groups, with p = 0.05 defined as the threshold for statistical significance.
Results and Discussion

The FAME Profile of Klebsiella pneumoniae Clinical Isolates
We reported on a total of 14 unique FAMEs across the 18 isolates evaluated (Table 2) , of which 10 were confirmed by pure chemical standards, three putatively identified based on the MS similarity search and LRI value, and one attributed based only on the MS similarity match. The latter was reported as methyl pentadecenoate, since it was recognized as a monounsaturated fatty acid, but it was not possible to locate the position of the double bond. Of these, six were derived from saturated carboxylic acids (dodecanoate (C 12 ), tetradecanoate (C 14 ), pentadecanoate (C 15 ), hexadecanoate (C 16 ), heptadecanoate (C 17 ), and octadecanoate (C 18 )), four from monounsaturated carboxylic acids (pentadecenoate, 9(Z)-hexadecenoate, 10-heptadecenoate, and 9(Z)-octadecenoate), and four from more complex carboxylic acids (3-methylsulfanylpropanoate, 2-phenylacetate, 3-hydroxytetradecanoate, and cis-9,10-methyleneoctadecanoate). The origins of the even-chain saturated carboxylic acids (dodecanoate, tetradecanoate, hexadecanoate, and octadecanoate) are well-characterized in bacteria, such as K. pneumoniae, and result principally from the biosynthesis and/or degradation of fatty acids in two-carbon units [24] . Two of the unsaturated species that we identified (9(Z)-hexadecenoate and 9(Z)-octadecenoate) are also generated via these same processes. The odd-chain saturated carboxylic acids (pentadecanoate and heptadecanoate) are postulated to originate from either lipid biosynthesis using propanoate (C 3 ) as a starting material (instead of acetate, C 2 ) or via decarboxylation of hexadecanoic acid and octadecanoic acid, respectively [24] . It is, therefore, reasonable to hypothesize that the two odd-chain monounsaturated carboxylic acids that we identified (pentadecenoate and 10-heptadecenoate) may originate from this same process, in a manner analogous to the production of 9(Z)-hexadecenoate and 9(Z)-octadecenoate during fatty acid biosynthesis and/or degradation in two-carbon units.
The metabolism of sulfur-containing amino acids (i.e., cysteine and methionine) may be responsible for the production of 3-methylsulfanylpropanoic acid, while phenylalanine metabolism is plausibly related to the production of 2-phenylacetic acid [24] . Cis-9,10-methyleneoctadecanoate likely originates from the methylation of the respective cis-monosaturated fatty acid (9(Z)-octadecanoate) with a methyl group derived from S-adenosyl methionine [24] . The formation of such cyclopropane-containing fatty acids is thought to occur in the context of phosphatidylethanolamine metabolism [25] . Finally, 3-hydroxytetradecanoate has been identified as a common component of the endotoxic lipopolysaccharide (Lipid A) located on the outer membrane of Gram-negative bacteria, generated predominantly under anaerobic conditions [25] . In summary, the FAMEs identified in the present study are likely to originate predominantly from fatty acid biosynthesis and/or degradation, while a smaller subset also arises from the metabolism of amino acids and other cell membrane components. 
Discrimination between CC258 and Non-CC258 via FAME Profiles
We sought to determine whether the FAME profiles of these K. pneumoniae isolates could distinguish between isolates belonging to CC258 (n = 6) and those belonging to other lineages (non-CC258, n = 12), as well as between KPC-positive (n = 12) and KPC-negative (n = 6) K. pneumoniae isolates, irrespective of sequence type. We first analyzed the data using the unsupervised approach of hierarchical clustering analysis (HCA), which did not reveal obvious differences between any of the three experimental groups (KPC + /258 + , KPC + /258 − , and KPC − /258 − ) ( Figure 1A) . . (B, bottom) HCA performed using the four compounds identified as highly discriminatory between CC258 and non-CC258 reveals two distinct clusters, one of which includes 10 of 12 non-ST258 K. pneumoniae (left), and the other includes all six ST258 K. pneumoniae and two of 12 non-ST258 K. pneumoniae (right). Euclidean distance was used as the distance metric between samples. Isolate numbers (columns) are listed in Table 1 . The numbering system for compounds (rows) are listed in Table 2 . Cell color is on an arbitrary scale ranging from low abundance (blue) to high abundance (orange).
We next employed the supervised machine learning algorithm Random Forest (RF) in an attempt to identify patterns of FAMEs that were associated with specific experimental groups. RF was unable to identify a pattern of FAMEs that could reliably differentiate between KPC-positive and KPC-negative K. pneumoniae isolates, with an average five-fold cross-validation accuracy of only 65%. In contrast, RF able to differentiate between CC258 and non-CC258 (irrespective of carbapenem susceptibility) with an average five-fold cross-validation accuracy of 86%. Four compounds were identified as highly discriminatory between CC258 and non-CC258 isolates: 9(Z)-octadecenoate, 2phenylacetate, pentadecanoate, and hexadecanoate. The mean decreases in accuracy (MDA, a measure of variable importance generated from RF) for these compounds ranged between 0.76 and 1.28, which was notably higher than the MDAs of the remaining 10 compounds, which ranged from 0.19 to 0.51.
HCA performed using only these four FAMEs revealed two distinct clusters, one of which included 10 of the 12 non-CC258 isolates, and the other included all six CC258 isolates, as well as the remaining two non-CC258 isolates ( Figure 1B) . The two non-CC258 isolates that clustered with the six isolates belonging to CC258 included one from ST42 and one from ST307. Notably, our collection of isolates included two others from ST42 and one other from ST307, and these clustered correctly. It is therefore unclear as to why these two specific isolates clustered incorrectly, as it does not appear to be a lineage-specific phenomenon. Instead, it may represent strain-specific metabolic differences.
Of the four discriminatory compounds, three were significantly different (p < 0.05) in relative abundance between CC258 and non-CC258 K. pneumoniae. 9(Z)-octadecenoate and hexadecanoate were significantly more abundant in non-CC258 relative to CC258, while 2-phenylacetate was . (B, bottom) HCA performed using the four compounds identified as highly discriminatory between CC258 and non-CC258 reveals two distinct clusters, one of which includes 10 of 12 non-ST258 K. pneumoniae (left), and the other includes all six ST258 K. pneumoniae and two of 12 non-ST258 K. pneumoniae (right). Euclidean distance was used as the distance metric between samples. Isolate numbers (columns) are listed in Table 1 . The numbering system for compounds (rows) are listed in Table 2 . Cell color is on an arbitrary scale ranging from low abundance (blue) to high abundance (orange).
We next employed the supervised machine learning algorithm Random Forest (RF) in an attempt to identify patterns of FAMEs that were associated with specific experimental groups. RF was unable to identify a pattern of FAMEs that could reliably differentiate between KPC-positive and KPC-negative K. pneumoniae isolates, with an average five-fold cross-validation accuracy of only 65%. In contrast, RF able to differentiate between CC258 and non-CC258 (irrespective of carbapenem susceptibility) with an average five-fold cross-validation accuracy of 86%. Four compounds were identified as highly discriminatory between CC258 and non-CC258 isolates: 9(Z)-octadecenoate, 2-phenylacetate, pentadecanoate, and hexadecanoate. The mean decreases in accuracy (MDA, a measure of variable importance generated from RF) for these compounds ranged between 0.76 and 1.28, which was notably higher than the MDAs of the remaining 10 compounds, which ranged from 0.19 to 0.51.
Of the four discriminatory compounds, three were significantly different (p < 0.05) in relative abundance between CC258 and non-CC258 K. pneumoniae. 9(Z)-octadecenoate and hexadecanoate were significantly more abundant in non-CC258 relative to CC258, while 2-phenylacetate was significantly more abundant in CC258 relative to non-CC258 ( Figure 2 ). Neither pentadecanoate (the fourth discriminatory compound) nor any of the other 10 compounds were significantly different in relative abundance between CC258 and non-CC258. In addition, no compounds were significantly different in relative abundance between KPC-positive and KPC-negative K. pneumoniae. Taken together, these findings suggest that CC258 and non-CC258 K. pneumoniae isolates differ from one another with respect to fundamental aspects of metabolism, including the metabolism of amino acids (2-phenylacetate) and fatty acids (9(Z)-octadecenoate, hexadecanoate, and pentadecanoate). Such fundamental metabolic differences are in agreement with the conclusions that have been drawn from prior studies, for example [10] [11] [12] .
Separations 2019, 6, x FOR PEER REVIEW 7 of 9 significantly more abundant in CC258 relative to non-CC258 ( Figure 2 ). Neither pentadecanoate (the fourth discriminatory compound) nor any of the other 10 compounds were significantly different in relative abundance between CC258 and non-CC258. In addition, no compounds were significantly different in relative abundance between KPC-positive and KPC-negative K. pneumoniae. Taken together, these findings suggest that CC258 and non-CC258 K. pneumoniae isolates differ from one another with respect to fundamental aspects of metabolism, including the metabolism of amino acids (2-phenylacetate) and fatty acids (9(Z)-octadecenoate, hexadecanoate, and pentadecanoate). Such fundamental metabolic differences are in agreement with the conclusions that have been drawn from prior studies, for example [10] [11] [12] . To the best of our knowledge, the present study is the first to evaluate differences between carbapenem-resistant and carbapenem-susceptible K. pneumoniae isolates with respect to their FAME profiles. However, prior studies have considered differences in bacterial FAME composition in the context of other antibiotic resistance phenotypes. The majority of these studies have focused on resistance phenotypes that are seemingly directly mediated by alterations to membrane lipid composition, such as resistance to polymyxins or tetracyclines, for example [25, 26] . Importantly, our findings do not support a relationship between KPC-production and FAME composition, but instead suggest that certain high-risk endemic K. pneumoniae clones (specifically CC258) may produce a distinct FAME profile relative to other K. pneumoniae lineages. These findings are consistent with the transcriptomic data reported by Bruchmann and colleagues, who demonstrated differences between CC258 and non-CC258 in the expression of genes associated with the metabolism of alpha-amino acids and carboxylic acids [10] .
Study Strengths and Limitations
The present work represents the first to investigate FAME composition in the context of antibiotic-resistant K. pneumoniae, with a particular focus on compositional differences between KPCpositive isolates belonging to CC258, and a collection of KPC-positive/KPC-negative isolates Figure 2 . Boxplots depicting the relative abundances of the four compounds that were discriminatory between ST258 and non-ST258. 9(Z)-octadecenoate, 2-phenylacetate, and hexadecanoate were significantly different between the two experimental groups, while pentadecanoate was not. Blue triangles: KPC + /258 + ; green triangles: KPC + /258 − ; red circles: KPC − /258 − ; * p-value < 0.05; ** p-value < 0.01.
To the best of our knowledge, the present study is the first to evaluate differences between carbapenem-resistant and carbapenem-susceptible K. pneumoniae isolates with respect to their FAME profiles. However, prior studies have considered differences in bacterial FAME composition in the context of other antibiotic resistance phenotypes. The majority of these studies have focused on resistance phenotypes that are seemingly directly mediated by alterations to membrane lipid composition, such as resistance to polymyxins or tetracyclines, for example [25, 26] . Importantly, our findings do not support a relationship between KPC-production and FAME composition, but instead suggest that certain high-risk endemic K. pneumoniae clones (specifically CC258) may produce a distinct FAME profile relative to other K. pneumoniae lineages. These findings are consistent with the transcriptomic data reported by Bruchmann and colleagues, who demonstrated differences between CC258 and non-CC258 in the expression of genes associated with the metabolism of alpha-amino acids and carboxylic acids [10] .
The present work represents the first to investigate FAME composition in the context of antibiotic-resistant K. pneumoniae, with a particular focus on compositional differences between KPC-positive isolates belonging to CC258, and a collection of KPC-positive/KPC-negative isolates belonging to a diverse collection of other sequence types. In addition, the present study evaluates both the phenotype-associated (i.e., carbapenem-resistant versus carbapenem-susceptible) and genotype-associated (i.e., CC258 versus non-CC258) contributions to the FAME profile. We acknowledge, however, that the number of isolates evaluated is relatively small and could be expanded upon in future studies. In addition, analysis of non-KPC-producing isolates belonging to CC258 (KPC − /258 + ) would represent an important comparison group to full elucidate both the phenotype-associated and genotype-associated contributions to the FAME profile. However, these isolates are rarely encountered in the clinical setting, and are therefore difficult to evaluate.
Conclusions
The present study demonstrates distinct differences between CC258 and non-CC258 K. pneumoniae with respect to their FAME profiles. These findings suggest that CC258 may produce a distinct fatty acid and amino acid profile relative to other K. pneumoniae lineages. This hypothesis is supported by previously-acquired transcriptomic data from Bruchmann and colleagues. The identification of a CC258-associated FAME profile could have therapeutic consequences via the identification of targetable pathways that contribute to the production of membrane lipids and amino acids. Furthermore, this approach could lead to the development of novel GC-based diagnostics for the rapid identification of K. pneumoniae isolates belonging to CC258. While the present study is largely exploratory, it represents an important step in improving our understanding of fatty acid or amino acid-associated metabolic differences between CC258 and non-CC258 K. pneumoniae. 
